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' of Liquids(1
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The ignition of 1iquid explosives and propellants by the.
rapid compressior of gas bubblies has been studied extensively both
because of scientific interest and because of immediate needs for
devising safe operating procedures and for estimating the sensi-
tivity of new materials (1,2,3,4,5)(3). Two explosions of tank

cars of nitromethane that might have been initiated by this mechanism-
have occurred in recent years, as have a number of smaller accidental

explosions in the testing of experimental propellants.

Nature of the Ignition Process

In the simplified model of the ignition of a liquid explo-
sive by adiabatic compression of an entrapped gas bubble, the tem-
perature is considered to increase during compression according to
the relation:

T =&)Y 7 (1)
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When a sufficiently high temperature is reached in the gas, it is’
postulated that ignition of explosive vapor in the bubble occurs,
further raising the temperature at an exponentially increasing rate.
At this stage the process becomes self-sustaining through the eva-
poration and reaction of fresh material surrounding the heated
region.

Arn’ exact analysis of the process cannot te made because of
uncertainties about the exchange of heat and mass between the ligquid
eand gas and the cornfiguration of the llquld-gas interface during
compression. !

From the assumptions of adiabaticity and a characteristic
minimum ignitior temperature in the compressed bubble, it follows
that the erergy required for ignition is related to the initial
conditions in the bubble by the expression for compressive work in
an adiabatic non-flow process:

PV T,
L (1_T ) (2]

Changes in the gas specific heat ratio,Y , should trerefore
affect the minimum ignition energy in inverse ratio to (F-1). Also,
the minimum ignition energy should be proportlonal to the initial
bubble volume. .

Experimental Procedure

The equipment and orerating procedure have been descrlbed in
detail previously(2,5). .

The sample, consistirg of a bubble in contact with liquid,
is compressed by a gas driven piston. The sample chamber is one-~
half inch in diameter, with a total voluvme of about 1.5 ml. It is
sealed with either a steel or aluminum burst disc that can contain
static pressures above 20,000 psi.

All combinations of liquid and gas were tested at least three
bubble volumes, 0.2, 0.4, and 0.8 ml. A reversal procedure was used
to estimate minimum 1gn1t10n erergy at each tubble volume, first
determining an approximate range, in terms of driving pressure, and
then proceeding to vary driving pressure in small even increments
up or down, depending on whether the preceding result was positive
or negative. Usually each reversal series included at least six
tests.

The energy of the piston is calculated by a derived expres-
sion in terms of the physical properties of the equipment, corrected
by an empirical factor obtained from direct measurements of piston
velocity. The accuracy of the energy estimate is about * 15%,
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To put gases other than air in the chamber, the area around
the open sample chamber was loosely covered with a clear plastic 1
cone with .the point cut off. DPurge gas entered through the side of
the core. ILiquid sample was put in through the open end. The
burst disc was then dropped in place, the cone removed, and the
disc retainer bolted down.

To load a sample consisting of liquid and its own vapor,
the piston was retracted far enough so that the chamber volume was

"equal to the desired amount of liquid. The chamber was then sealed

with a burst disc and the piston retracted fully, leaving a vapor {
space of known volume above the liquid.

Test Results

Minimum ignition energies were determined for nitromethane
with bubbles of air, oxygen, nitrogen, argon and carbon dioxide.
Samples could not bte made to ignite in the presence of nitromethane
vapor alone. ‘Results are shown in Table 1 in terms of minimum ig-
nition energy per unit bubble volume, in kg-cm/ml. This was found
to be constant for each liquid-gas volume combination, within limits
of experimental error, with two exceptions out of a total of seven-
teen test groups.

Assuming that the minimum ignition energy for argon truly
corresponds to a minimum temperature for ignition in the compressed
bubble, minimum ignition energies were calculated for the other
bubble gases by Eq.(2), and are also shown in Table 1.

The agreement between the observed and calculated values for
the inert gases is nearly within the limits of experimental accuracy.

The inability to ignite the sample with'only nitromethane
vapor in the bubble can be explained on the basis of rapid conden-
sation of the vapor in the liquid during compression.

Oxygen has a strong sensitizing effect, as shown by results
with air and pure oxygen. The effect apparently reaches a maximum
at some concentration below that of atmospheric air. This result,
together with the observed effect of specific heat ratio witk the’
inert gases, strongly indicetes that the ignition of nitromethane,
and presumably other C-H-O-N compounds, can.start in the vapor
phase by reaction with gaseous oxygen.

A" related effect of oxygen concentration on the sen31t1v1ty
of SOlld double-base propellants to ignition by detonating gas mix-
tures was found by Cook(B), so the possibility of reaction of the
condensed. phase surface with the gaseous ox1d1zer has been amply

' demonstrated.
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The ignition temperatures calculated on the basis of an
adiabatic process appear somewhat high for the inert gases, but
reasonable for air and oxygen.

To get comparable data on a material qualitatively differ-
ent in physical and chemical properties from nitromethane, tests
were made on a nitric acid composite very similar to a Sprengel-
type explosive, The vapor above the liquid is non-explosive at
ordinary temperatures, since the vapor pressure of the fuel com-—
ponent is negligible.

Gases used in the tests were air, nitrogen, argon, carbon
dioxide, and nitric acid vapor. Results are shown in Table 2.

The most significant result is that ignition could be ob-
tained consistently, and that the energy requlred was not particu-—
larly large.

No differences in energy input between argon and nitrogen
or air were detected. Carbon dioxide affected sensitivity measur-
ably, although to a lesser extent than predicted. Calculated adia-
batic ignition temperatures do not appear unreasonsbly high com—
pared to those for nitromethane, but they lack quantitative sig-
nificance because of the necessity for heat transfer in the igni-
tion process. The only availeble explanations for ignition under
these conditions are that the liquid got hot enough to react or
that fuel was transferred to the vapor phase by non-equilibrium
evaporation.

Evans and Yuill(6) have observed similar ordering of cal-~
culated temperatures in the ignition of nitroglycerine and PETN
by compression of oxygen, air, nitrogen and argon, with the dif-
ference that the sensitivity of PETN is increased. markedly in the
presence of pure oxygen. The same authors report also the igni-
tion of a number of solid explos1ves that have negligible vapor
pressure.

If the requirement for ignition is that a surface layer of
liquid reach some minimum temperature, this would largely account
for the observation that the energy input required is only slightly
affected by the specific heat ratio of the gas.

The total energy input in most of the tests described here
is enough to evaporate a few milligrams of explosive; the mass of
gas in the bubble is about one mllllgram. Some evaporation of the
sample is thus possible during compression, and this wculd further
tend to diminish the effect of gas spec1flc heat on mlnlmum igni-

_tlon energy.

Conclu51ons

Bubble gas compos1t10n has a pronounced effect on compres=
sion sensitivity, even of liquids having non-explosive vapor under

'ordlnary conditions,



14

Oxygen, in atmospheric concentration and greater; has a -
strong sensitizing effect on nitromethane and therefore protatly
on other C-H-O-N propellants and explosives. This observation, i
and the observation tkat minimum ignition energy can be correlated :
with gas specific heat ratio, strongly indicate that igpition of
nitromethane snd other volatile materials starts in the vapor
phase, by reaction with oxygen if it is present.

Since materials that under ordinary conditions have a ron-
explosive vapor can be ignited, heat transfer, possibly accompanied
by mass transfer, can take place across the gas—liquid interface at
a significant rate during compressior.

At least three factors can contribute to ignition. These
are reaction in the gas phase, reaction at the surface with the gas
phase, and reaction at the surface of the condersed phase caused
by heat transfer from the compressed gas phase. There is also the
rossibility of mass transfer from the condensed phase to the gas
phase, followed by reaction in the gas phase, although this is not
a prerequisite for ignition. The nature of btoth the gas.snd the
condensed phase determine which effect or combination of effects
will predominate in any given ignition process.

The hazard of accidertal ignition of liquid explosives ini-
tiated by the mechanism of rapid compression can be reduced by con-
trol of the composition of gas in contact with the liquid. Desen-
sitizers should have high vapor pressure and specific heat, should
be miscible to some extent with the liquid, and should be chemlcally
inert toward the liquid. .

Nomenclature
T = temperature !
P = pressure
g specific Leat ratio
W = energy input to sample
V = bubble volume

Subscripts

i = minimum required for ignition

initial condition

(o]
[}
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